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Flexible behavior in dynamic, real-world environments requires more than static spatial
learning and memory. Discordant and unstable cues must be organized in coherent sub-
sets to give rise to meaningful spatial representations. We model this form of cognitive
coordination on a rotating arena – Carousel where arena- and room-bound spatial cues
are dissociated. Hippocampal neuronal ensemble activity can repeatedly switch between
multiple representations of such an environment. Injection of tetrodotoxin into one hip-
pocampus prevents cognitive coordination during avoidance of a stationary room-defined
place on the Carousel and increases coactivity of previously unrelated neurons in the
uninjected hippocampus. Place avoidance on the Carousel is impaired after systemic admin-
istration of non-competitive NMDAr blockers (MK-801) used to model schizophrenia in
animals and people. We tested if this effect is due to cognitive disorganization or other
effect of NMDAr antagonism such as hyperlocomotion, spatial memory impairment, or
general learning deficit. We also examined if the same dose of MK-801 alters patterns of
immediate-early gene (IEG) expression in the hippocampus. IEG expression is triggered in
neuronal nuclei in a context-specific manner after behavioral exploration and it is used to
map activity in neuronal populations. IEG expression is critical for maintenance of synap-
tic plasticity and memory consolidation. We show that the same dose of MK-801 that
impairs spatial coordination of rats on the Carousel also eliminates contextual specificity
of IEG expression in hippocampal CA1 ensembles. This effect is due to increased sim-
ilarity between ensembles activated in different environments, consistent with the idea
that it is caused by increased coactivity between neurons, which did not previously fire
together. Our data support the proposition of the Hypersynchrony theory that cognitive
disorganization in psychosis is due to increased coactivity between unrelated neurons.
Keywords: hippocampus, arc, homer 1a, place avoidance, rotating arena, carousel, cognitive coordination,
schizophrenia
INTRODUCTION
Dynamic environments in the real world often involve multiple
reference frames without stable mutual relationships. Drivers need
to keep control of their cars and attend to the road at the same time.
Similarly, animals need to keep track of their positions within a
group of conspecifics as well as within ambient environment. Ele-
ments of experience must be segregated into coherent, meaningful
Abbreviations: Arc/Arg 3.1, activity-regulated cytoskeleton-associated pro-
tein/RNA; CC, caged controls; D, total distance actively traveled during the ses-
sion; DAPI, 4′,6-diamidino-2-phenylindole; DG, dentate gyrus; E, the number of
entrances; ED, the number of entrances per unit distance; FAB, fragment antigen-
binding; FISH, fluorescence in situ hybridization; GABA, gamma-aminobutyric
acid; HRP, horseradish peroxidase; IEG, immediate-early gene; MaxT, maximum
avoidance time (duration); NMDA(r), N -methyl d-aspartate (receptor); OCT,
optimal cutting temperature freezing medium; PA, place avoidance; PV, parval-
bumin; pTime, shock zone occupancy; TSA, tyramide signal amplification; TTX,
tetrodotoxin; UTR, untranslated region.
representations to support context-relevant behavioral responses
(Figures 1A,C). Impairment of this cognitive coordination could
be responsible for cognitive disorganization in psychosis includ-
ing inappropriate associations, deficits in contextual binding, and
impaired discrimination between relevant and irrelevant informa-
tion (Ellenbroek and Cools, 1990; Silverstein et al., 2000; Phillips
and Silverstein, 2003; Uhlhaas et al., 2004; Hemsley, 2005). Spatial,
contextual, and episodic-like memory critically depends on the
hippocampus (Moscovitch et al., 2006) and hippocampal pathol-
ogy (Harrison, 2004; Tamminga et al., 2012; Ledoux et al., 2013)
and episodic memory deficits are common in schizophrenia (Weiss
et al., 2003; Barch, 2005; Boyer et al., 2007; Ranganath et al.,
2008). However, most laboratory tests of hippocampal function
occur in static environments or involve only one-off changes or
between-session alternations.
During place avoidance (PA) on a continuously rotating circu-
lar arena (Carousel), rats have to avoid a place hidden in either
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FIGURE 1 | Dissociated reference frames on the Carousel. (A) A
photograph of the Carousel arena (left) and example trajectories in the
stationary Room frame (middle), where the shock zone (red) is defined and
in the rotating Arena frame (right) during a room-defined place avoidance
session. Red and blue circles mark locations where shocks were
administered in the Room and Arena frames, respectively. (B) Schematics
of the rotating arena in a stationary room. Continuous rotation of the arena
dissociates spatial reference frames of the stationary room and the rotating
arena (C) Illustration of the cognitive coordination function in a color model,
where cue color facilitates discrimination between two sets of cues. When
color is lost, discrimination becomes more difficult. The two cue sets are
still clearly delineated from the top view (left), but the distinction is much
less clear from the perspective of the animal, let alone a multi-modal spatial
representation system in the hippocampus (right).
the stationary room or the rotating arena frame (Figures 1A,B;
Cimadevilla et al., 2001). They have to selectively attend to cues
from the relevant frame and ignore the others to avoid the
shock effectively. Inactivation of one hippocampus by tetrodotoxin
(TTX) increased coactivity of previously uncorrelated CA1 neu-
rons in the uninjected hippocampus (Olypher et al., 2006) and
impaired cognitive coordination on the Carousel (Wesierska et al.,
2005). PA on the Carousel is also impaired after systemic adminis-
tration of dizocilpine (MK-801; Stuchlík et al., 2004; Stuchlík and
Valeš, 2005; Valeš et al., 2006; Bubeníková-Valešová et al., 2008b).
Non-competitive NMDA receptor antagonists such as MK-801
are used to model schizophrenia in animals (Deutsch et al., 2002;
Powel and Geyer, 2007; Bubeníková-Valešová et al., 2008a; Adell
et al., 2012), because they elicit psychosis in people (Newcomer
and Krystal, 2001). We tested if the PA deficit on the Carousel
is due to MK-801-induced cognitive disorganization or another
effect of NMDAr antagonism such as hyperlocomotion (Martin
et al., 1997) or spatial navigation and memory deficits (Stuchlík
et al., 2004; van der Staay et al., 2011). We compared the effect
of MK-801 on PA in five versions of the task, which differed in
the amount of misleading information from the irrelevant spatial
frame left to interfere with the PA (Figure 2A).
Behavioral activity triggers immediate-early gene (IEGs)
expression in hippocampal and cortical neurons (Kubik et al.,
2007, 2012). Precise temporal regulation of transcription and
FIGURE 2 | Experimental design (A). A schematic of five versions of the
place avoidance task. All spatial cues are relevant and the demand for
cognitive coordination is low during room-defined avoidance on the Stable
arena when the arena rotation is off. In contrast, the room and arena cues
are dissociated on the Rotating arena resulting in a high coordination
demand. Cues on the arena surface are hidden by shallow water, but the
arena-bound idiothetic cues can still interfere with the avoidance, and the
demand for coordination is reduced on the Wet arena. The cognitive
coordination demand during arena-based avoidance is low when irrelevant
room cues are hidden by Darkness and high when they are available in
Light. The shock zone (red) is defined in one reference frame (B). Design of
the place avoidance experiments. The rats were pre-trained to forage on the
arena prior to the place avoidance training. Saline or MK-801 was
administered 30 min before the session starting from the last day of
foraging (C). Extended place avoidance training design. After 3 days of
Room-Rotating training, injections were switched so that rats initially
trained with MK-801 (0.15 mg/kg) received saline (MK15/sal) and rats initially
trained with saline received MK-801 at 0.15 mg/kg (sal/MK15) or 0.10 mg/kg
(sal/MK10). The extended training continued for 3 days. (D). Design of the
IEG imaging experiment. Rats received four handling sessions (5 min), an
injection of saline or MK-801, and two exploration sessions in environment
(A) or in environments (A,B).
intracellular distribution of RNA for IEG Arc/Arg3.1 (Link et al.,
1995; Lyford et al., 1995) has been used to map activity history of
hippocampal pyramidal neurons during two distinct behavioral
epochs (Guzowski et al., 1999). Intranuclear foci expression of
Arc marked neurons activated immediately before the sacrifice,
whereas cytoplasmic signal marked neurons activated ~25 min
earlier. Although the IEGs Arc and Homer1a are co-expressed in
the same neurons, the signal from riboprobes targeting the 3′ UTR
of the long (~40 kb) primary transcript of Homer 1a only appears
in the nuclei ~25 min after the induction and can be used to replace
the diffuse cytoplasmic Arc signal (Vazdarjanova et al., 2002).
Proportions of hippocampal neurons expressing Arc or Homer
1a after exploration of an environment (Guzowski et al., 1999;
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Vazdarjanova and Guzowski, 2004) are similar to proportions
of neurons displaying place cell activity in an environment (Lee
et al., 2004; Leutgeb et al., 2004). Both IEG expression and place
cell activity occur in an environment-specific manner suggesting
that IEG expression is triggered in place cells displaying firing
fields during behavioral exploration. The Hypersynchrony the-
ory posits that increased coactivity selectively between previously
non-coactive neurons disrupts cognitive coordination and causes
cognitive disorganization in psychosis (Fenton, 2009). Neurons
active in the same environment are more likely to be coactive
than neurons active in different environments. Ensembles of hip-
pocampal neurons expressing Arc and Homer 1a are more similar
after repeated exploration of the same environment than after
exploration of different environments (Guzowski et al., 1999; Vaz-
darjanova and Guzowski, 2004). We tested if MK-801 increases
similarity between hippocampal ensembles expressing the IEGs in
different environments more than between ensembles activated in
the same environment.
MATERIALS AND METHODS
SUBJECTS
One hundred and fifty-one young adult (~3 month old) male
Long–Evans rats from the Institute of Physiology breeding colony
were used in the study. They were housed in pairs in transpar-
ent Plexiglas cages and maintained at a 12/12 h light/dark cycle
with lights on at 7:00 and water available ad libitum. The rats
were acclimatized to the laboratory vivarium for 10 days, han-
dled, and habituated to the experimental apparatus prior to the
PA training. This design was adopted to reduce learning-related
stress later during training. After the conclusion of behavioral pro-
cedures, rats were killed by an overdose of Thiopental. Rats used
in the IEG imaging experiment (n= 42) were housed individually
in opaque cages to avoid high IEG expression background result-
ing from social interactions. The animals were handled for 4 days,
but not habituated to the environment prior to behavioral ses-
sions used to trigger IEG expression (see below). All behavioral
testing was conducted during the light phase of the day. All animal
treatment complied with the Czech Animal Protection Act, EU
directive 2010/63/EC, and NIH guidelines.
DRUG TREATMENT
MK-801 [dizocilpine (+)-5-methyl-10,11-dihydro-5H -dibenzo
cycloheptene-5,10-imine maleate; Sigma] was diluted in sterile
physiological saline at a low (0.10 mg/kg) or high (0.15 mg/kg)
dose. Beginning with the last foraging session, rats received daily
injections of either MK-801 or saline solution (1 ml/kg, i.p.)
30 min before behavioral testing (Figures 2B,C). The first injec-
tion allowed rats to habituate to the injection procedure and to the
MK-801-induced state before the onset of the PA training. Rats in
the IEG imaging experiment received a single injection 30 min
prior to the catFISH test sessions (Figure 2D).
CAROUSEL
The apparatus was a smooth metallic elevated circular arena
(82 cm diameter) equipped with a 5 cm high lip on the perime-
ter, a detachable transparent plexiglass wall, and a motor, which
rotated the arena (1 rpm; Figure 1B). The wall consisted of four
parts connected by small bolts arranged in four vertical strips and
prevented the rats from accidentally or deliberately falling off the
arena. This symmetrical design was chosen because it provided less
spatial information than asymmetrical single joint strip. The wall
was always in the same position relative to the arena surface and
as such provided arena-based visual information. The rats wore
a harness carrying infrared (IR) LEDs and an alligator clip for
shock delivery. A tracking system (iTrack, Biosignal Group, Inc.,
New York, USA) recorded the rat’s position via an overhead IR
camera, delivered shocks to reinforce the PA behavior, and stored
the data for off-line analysis. The harness was attached to a cable
carrying power for the LEDs and the shock current. AC shock
current (50 Hz, 0.5 s, 0.5–0.7 mA) was delivered from a constant-
current source via the alligator clip connected to a subcutaneously
implanted electrode between the rat’s shoulders. It was made by
piercing the rat’s skin by a sterile hypodermic needle and twisting
the sharp end to prevent slipping out. This design was adopted to
facilitate perception of the shock at the high-impedance (~100 kΩ)
contact between the rats body and the grounded arena floor rather
than at the low-impedance (~100Ω) implanted electrode. A sec-
ond IR LED was fixed to the arena perimeter and used by the
tracking system to compute a virtual “arena frame” view of the
rotating arena (Figure 1A). Indirect light was provided by a 40 W
light bulb during all behavioral sessions.
PLACE AVOIDANCE
After food-restriction to 90% of their pre-restriction weight, rats
were trained in four foraging sessions with no shocks and subse-
quently given three PA training sessions on seven consecutive days
(Figure 2B). Some rats received extended PA training on three
more days (Figure 2C). Each session lasted 20 min. Cereal cocoa
puffs (Nesquik; Nestlé) were dispersed from an overhead feeder
to ensure sufficient exploration throughout the experiment and
prevent passivity. Importantly, the cocoa puffs remained floating
and did not dissolve (Kubik and Fenton, 2005) when the arena was
covered with shallow water in one of the experiments (see below).
The rats were weighed and their weights recorded daily to maintain
constant motivation. During the PA training, a computer-based
tracking system (Tracker, Biosignal Group, USA) administered a
mild 500 ms shock and counted an entrance whenever the rat
entered a 60° shock zone for at least 500 ms. Additional shocks
were delivered every 1500 ms until the rat left the shock zone.
Additional entrances were counted if the rat left the area for at least
1500 ms. To adjust for variability in shock sensitivity, shock inten-
sity was set individually for each rat to the lowest value sufficient
to elicit an escape response, but not freezing. This adjustment was
performed on the arena during initial PA training. This design was
adopted to enhance comparability between different versions of
the PA task by stimulating exploration and discouraging passivity.
EXPERIMENTAL DESIGN
One hundred and nine rats were trained in five different variants
of the PA task (Figure 2A). Two doses (0.10 and 0.15 mg/kg) of
MK-801 were used in the first two experiments. Thirty-one rats
(16 saline, 8 low, and 7 high dose of MK-801) were trained to
avoid a place defined in the stationary room on a stable (Room-
Stable) and 29 rats (15 saline, 7 low, and 7 high dose of MK-801)
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on a rotating (Room-Rotating) dry arena. The low dose showed
no effect on the rotating arena and therefore only the high dose
was used in the following experiments. Sixteen rats (eight saline
and eight high MK-801) were tested on the rotating arena covered
with shallow water (<1 cm; Room-Wet). Twenty-eight rats were
trained to avoid a place defined on the rotating arena either in
darkness (Arena-Dark; 12 rats; 6 saline and 6 high MK-801) or in
the light (Arena-Light; 16 rats; 8 saline and 8 high MK-801). Con-
ditions during foraging pre-training always matched those during
avoidance training except that no shocks were delivered. In the
Room-Rotating version, the same PA training was Extended for
three more days (Figure 2C), but the injections were switched
so that rats initially trained with MK-801 (0.15 mg/kg) received
saline (MK15/sal,n= 7) and rats trained with saline received either
0.15 mg/kg (sal/MK15, n= 7) or 0.10 mg/kg MK-801 (sal/MK10,
n= 7). Rats in the sal/MK10 group showed asymptotic perfor-
mance from PA day 3 with no MK-801-induced impairment on
day 4 and they were used as controls in this experiment. One of the
rats did not complete the extended training and was not included
in the analysis.
BEHAVIORAL DATA ANALYSIS
Stored data files were analyzed by Track Analysis (Biosignal Group,
Inc.). Data from the 3 days of PA training are reported (Figure 2B).
The total number of Entrances (E) into the shock zone, the Maxi-
mum Avoidance Time (MaxT), and the proportion of Time spent
in the shock zone (pTime) per session were used to evaluate the
avoidance. The total Distance (D) traveled during a session mea-
sured the overall locomotion. To assess the effect of increased
locomotion on the avoidance, the number of Entrances per unit
Distance was calculated (ED). In experiments on the rotating
arena, we obtained a measure of purely active locomotion (with-
out the arena rotation) in a virtual “arena view” calculated by the
tracking system using the reference IR LED fixed to the arena. A
two-way ANOVA with repeated measures on sessions was used to
compare the effect of MK-801 to vehicle controls over multiple
days of training in each condition and to examine the effect of
arena rotation on control performance. Newman–Keuls post hoc
tests were used where appropriate. Paired t -tests were used to assess
the effect of injection switch within-subject. No specific correc-
tions for multiple comparisons were performed in this study. These
corrections involve a trade-off between Type I and II errors and
usually require the comparisons to be independent. Bonferroni
correction would accept significance at α= 0.0167, the less con-
servative Šidák correction at α= 0.0170. Majority of tests reported
here are not affected by these adjustments because they yielded
much lower p. In notable exceptions (see Discussion and MK-801
Impaired Segregation of Discordant Spatial Information), a Tukey
HSD test was used as a weak control for Type I error connected
with repeated measures. Given that the repeated measures were not
independent, we report uncorrected ANOVA statistics and actual
values for all p> 0.01 to provide maximum relevant information.
Five rats were excluded from the analysis. One rat did not receive
the shock properly due to a damaged cable, and four rats (each
from a different group) were excluded based on Dixon’s Q-test for
outliers (Q= gap/range) at 99% confidence (Rorabacher, 1991;
Christian, 2003).
IMMEDIATE-EARLY GENE IMAGING
Thirty rats received two 6 min exploration sessions in either
the same environment A/A or in two different environments
A/B separated by 20 min (Figure 2D). Environment A was the
Carousel arena described above equipped with three identical
objects (dark plastic cylinders 8 cm high 2 cm diameter) whereas
environment B was a white square open field of equivalent size
(72 cm) with three wooden blocks 3 cm× 6 cm× 6 cm located
in a different room. Twelve (four per each treatment) more
rats served as caged controls (CC). The rats were injected with
saline or MK-801 (0.10 and 0.15 mg/kg) 30 min before the explo-
ration sessions. Immediately after the second session, the rats
were deeply anesthetized with isoflurane and decapitated. Their
brains were quickly removed, flash-frozen in a dry ice-cooled
isopentane bath and stored in a −80°C freezer for later analy-
sis. Four millimeter segments containing the dorsal hippocampus
from left hemispheres were arranged in blocks maximizing the
number of within-block,between-group comparisons and embed-
ded in optimal cutting temperature medium (OCT; Sakura). The
blocks were sectioned at 20µm in a cryostat (Leica CM 1850,
Germany), mounted on gelatine-coated superfrost slides (Fisher),
and processed for fluorescence in situ hybridization as previ-
ously described (Vazdarjanova and Guzowski, 2004; Kubik et al.,
2012). Briefly, fluorescein-labeled antisense riboprobes for Homer
1a 3′UTR and digoxigenin-labeled Arc antisense riboprobes were
hybridized overnight in a single hybridization step and then
sequentially detected with anti-fluorescein-HRP (Jackson labs)
and anti-digoxigenin-HRP FAB fragments (Roche). Homer 1a
probes were visualized with a tyramide-fluorescein signal ampli-
fication system (TSA-Fluorescein) and Arc probes with TSA-Cy3
(Perkin-Elmer). Slides were incubated with a nuclear counterstain
(DAPI, Invitrogen),coverslipped with antifade media (Vectashield,
Vector labs), and sealed with nail polish.
IMAGE DATA ACQUISITION AND ANALYSIS
Confocal stacks from CA1 were acquired on an inverted Leica
SP5 laser scanning microscope with apochromatic objectives HCX
PL APO 20× (n.a. 0.7) imm corr Lbd. BL and HCX PL APO
10× (n.a. 0.40) CS. The blue signal (DAPI) was imaged using
405 nm excitation and a 415–490 bandpass, the green signal (TSA-
Fluorescein) with 488 nm excitation and a 510–550 bandpass, and
the orange/red signal (TSA-Cy3) with 561 nm excitation and a
610–680 bandpass. The laser power, gain, and offset were always
set for the whole slide. The settings were optimized to obtain bright
intranuclear foci of ongoing IEG transcription. Six to eight CA1
images with an average of 570± 13 cells were analyzed from each
animal. The image data were analyzed by a technician blind to
the identity of the samples using a custom macro for ImageJ as
described before (Kubik et al., 2012). The proportions of Homer
1a+ and Arc+ neurons were used to map neuronal ensembles
active during the first and second test session, respectively. The
similarity of these activated ensembles was evaluated using sim-
ilarity scores= diff(E1E2)/least epoch – p(E1E2), where E1 and
E2 are proportions of Homer 1a+ and Arc+ neurons, respec-
tively, p(E1E2) is a random overlap= E1*E2, least epoch is the
smaller one of E1 and E2, and diff(E1E2) is the difference between
the observed proportion of double-labeled neurons (Arc&Homer
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1a)+ and the random overlap (pE1E2) between the two ensem-
bles. A three-way ANOVA with repeated measures on the test
sessions (Arc+ and Homer 1a+), and main factors of treatment
(saline, 0.10 and 0.15 mg/kg MK-801), and behavior (A/A, A/B,
CC) was used to evaluate the effect of MK-801 on IEG expression
as such and specifically after behavioral exploration. A two-way
factorial ANOVA on treatment (saline, 0.10 and 0.15 mg/kg MK-
801), and behavior (A/A, A/B) as independent variables was used
to evaluate the effect of MK-801 on ensemble similarity scores in
CA1. Newman–Keuls post hoc tests were used when appropriate.
RESULTS
We first compared the effects of two doses of MK-801 (0.10 and
0.15 mg/kg) on PA on a stable (low coordination demand) or a
rotating arena (high coordination demand).
ROOM-STABLE: MK-801 (0.15MG/KG) SPARED PLACE AVOIDANCE IN
CONGRUENT SPATIAL FRAMES ON A STABLE ARENA
Place avoidance on a stable arena was spared when the room
and arena frames were not dissociated, all cues could be used to
support the avoidance, no misleading information was present,
and the coordination demand was low (Figure 3A). No signifi-
cant main effect of MK-801 treatment was found on any of the
parameters on the stationary arena, but significant interactions
on E (F 4, 56= 4.64, p< 0.005), ED (F 4, 56= 5.10, p< 0.005), and
D (F 4, 56= 7.23, p< 10−4) pointed to a transient impairment
on day 1 after the low (E : p= 0.025; ED: p= 0.023) and high
dose of MK-801 (E : p= 0.017). Highly significant effects of days
(E : F 2, 56= 49.4, p< 10−6; MaxT: F 2, 56= 6.26, p< 0.005; pTime:
F 2, 56= 47.1, p< 10−6; ED: F 2, 56= 52. 6, p< 10−6) showed
robust learning in all rats during training. However, the learning
FIGURE 3 | Room-based place avoidance on a Stable and a Rotating
arena. (A) Room-Stable place avoidance on a stationary dry arena with no
demand for coordination of information from congruent spatial frames. Only
a transient increase in the number of Entrances and a similar trend in the
Shock Zone Occupancy were observed on day 1 on the Stable arena after
either dose of MK-801. This effect was associated with transient
hyperlocomotion after the high, but not the low dose of MK-801.
(B) Room-Rotating Place Avoidance on a rotating dry arena with a high
demand for coordination of information from the dissociated spatial frames.
0.15 mg/kg MK-801 persistently impaired all measures of avoidance and
increased locomotion on the Rotating arena compared to the saline controls
and 0.10 mg/kg MK-801. All rats improved their performance during training.
*Significant effects of treatment; #significant effect of treatment× session
interaction.
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curve of control animals was relatively flat, especially in the
MaxT parameter. To see if this was due to rapid learning on
day 1, which was not captured in the between-session com-
parisons, we compared performance between the two halves of
session 1. A two-way repeated measures ANOVA found a dra-
matic improvement during the session (E : F 1, 28= 55.4, p< 10−6;
MaxT: F 1, 28= 33.1, p< 10−5; ED: F 1, 28= 12.2, p< 0.005; pTime:
F 1, 28= 46.2, p< 10−6).
ROOM-ROTATING: MK-801 (0.15MG/KG) IMPAIRED PLACE AVOIDANCE
IN DISSOCIATED SPATIAL FRAMES ON A ROTATING ARENA
Stationary room-defined PA on a continuously rotating dry arena
(Carousel) was impaired when spatial reference frames were dis-
sociated (Figure 3B). Cues from both the room and arena frames
were available, but only the room cues predicted the shock while
the arena cues were misleading and the coordination demand was
high. All PA parameters were markedly impaired (E : F 2, 26= 10.4,
p< 0.0005; MaxT: F 2, 26= 5.76, p< 0.01; pTime: F 2, 26= 11.5,
p< 0.0005; ED: F 2, 26= 4.26, p= 0.025) and locomotion was
increased (D: F 2, 26= 10.3, p> 0.001) after the high (E : p< 0.005;
MaxT: p= 0.011; ED: p= 0.016; pTime: p< 0.001; D: p< 0.005),
but not the low dose of MK-801 (all ps> 0.5), compared to saline
controls. An increased number of Entrances per unit Distance
suggests that the PA deficit could not be attributed merely to hyper-
locomotion (Figure 6; but see Discussion of this parameter in MK-
801 Impaired Segregation of Discordant Spatial Information).
All rats showed robust between-session learning (E : F 2, 52= 51.8,
p< 10−6; MaxT: F 2, 52= 11.6, p< 10−4; TARG: F 2, 52= 56.8,
p< 10−6; D: F 2, 52= 7.06, p< 0.005; ED: F 2, 52= 57.9, p< 10−6).
Marginally insignificant treatment× session interactions (E :
F 4, 52= 2.32, p< 0.069; D: F 4, 52= 2.54, p< 0.051) reflected a
trend toward hyperlocomotion and poorer avoidance after the
higher dose of MK-801 specifically in session 1.
Comparison of the performance of control rats between Stable
and Rotating arena found no effect of rotation on the avoid-
ance (E : F 1, 29= 0.43, p> 0.5; MaxT: F 1, 29= 1.39, p> 0.2; pTime:
F 1, 29= 0.82, p> 0.3), but a highly significant effect on locomotion
(D: F 1, 29= 37.3, p< 10−5). Since this effect could confound direct
comparisons between different conditions, the effects of MK-801
were always compared to the respective vehicle controls in the
same condition. Given the selectivity of the MK-801-induced PA
deficit, we focused the following experiments on the effect of the
high dose (0.15 mg/kg) on the rotating arena.
ROOM-WET: MK-801(0.15MG/KG) IMPAIRED PLACE AVOIDANCE ON A
ROTATING ARENAWITH LIMITED ACCESS TO IRRELEVANT ARENA
CUES
Stationary room-defined PA in dissociated spatial frames was
impaired when the salience of the rotating arena cues was atten-
uated by shallow water (Figure 4). Misleading substratal cues on
the rotating arena surface were obscured, but arena-bound visual
stimuli, path integration, and idiothesis were not removed and
could interfere with the avoidance. The coordination demand
was reduced, but not eliminated. MK-801 increased the number
of Entrances (E : F 1, 14= 7.95, p= 0.014) but not the number of
Entrances per unit Distance (ED: F 1, 14= 1.25, p> 0.2; Figure 6),
indicating that this effect could be related to the observed
FIGURE 4 | Room-Wet place avoidance with rotating arena cues
obscured by shallow water. The demand for coordination was reduced
but not eliminated because arena-bound visual stimuli, path integration, and
idiothetic information remained available. MK-801 (0.15 mg/kg) increased
the number of Entrances, but the effect of treatment on other measures of
avoidance did not reach significance. All rats improved their performance
during training. *Significant effects of treatment; #significant effect of
treatment× session interaction.
hyperlocomotion (D: F 1, 14= 11.4, p< 0.005). Other parameters
were not significantly affected by MK-801 (ps> 0.1). Control rats
also reached longer Maximum Avoidance Time on day 3. Again,
robust learning was observed in all rats during the training (E :
F 2, 28= 10.9, p< 0.0005; MaxT: F 2, 28= 16.2, p< 10−4; pTime:
F 2, 28= 30.9, p< 10−6; ED: F 2, 28= 32.0, p< 10−6). A significant
treatment× day interaction on MaxT (F 2, 28= 4.61, p< 0.019)
reflected better performance by control rats on day 3 (p< 0.05).
ARENA-DARK: MK-801 (0.15MG/KG) SPARED PLACE AVOIDANCE
WITHOUT IRRELEVANT ROOM CUES ON AN ARENA ROTATING IN
DARKNESS
While complete removal of arena frame information is diffi-
cult (but see Stuchlík et al., 2001), eliminating room-based,
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predominantly visual cues is very simple. Therefore, we compared
Arena-based PA on a dry rotating arena with or without access to
irrelevant, misleading visual stimuli in light or darkness, respec-
tively. Avoidance of a rotating arena-defined place was not affected
by MK-801 when irrelevant room cues were hidden by dark-
ness and the coordination demand was low (Figure 5A). MK-801
caused a transient hyperlocomotion (D: F 2, 20= 4.37, p= 0.027)
on day 1 (p< 0.01), but did not affect any PA parameter. All rats
showed robust learning during training (E : F 2, 20= 17.9, p< 10−4;
MaxT: F 2, 20= 3.68, p= 0.043; pTime: F 2, 20= 4.85, p= 0.019; D:
F 2, 20= 8.93, p< 0.005; ED: F 2, 20= 32.7, p< 10−5).
ARENA-LIGHT: MK-801 (0.15MG/KG) IMPAIRED PLACE AVOIDANCE IN
DISSOCIATED SPATIAL FRAMES ON AN ARENA ROTATING IN THE LIGHT
Avoidance of an arena-defined place on a rotating arena in the light
was severely impaired when irrelevant room cues were available
and the coordination demand was high (Figure 5B). MK-801
impaired all PA parameters (E : F 1, 14= 10.6, p< 0.01; MaxT:
F 1, 14= 5.28, p= 0.037; pTime: F 1, 14= 12.4, p< 0.005; ED:
F 1, 14= 5.34,p> 0.05) and increased locomotion (D: F 1, 14= 11.8,
p< 0.005). A significant effect of MK-801 on the number of
Entrances per unit Distance shows hyperlocomotion is an unlikely
explanation of the PA deficit (Figure 6; but see Discussion of this
parameter in MK-801 Impaired Segregation of Discordant Spa-
tial Information). All rats improved performance during training
(E : F 2, 28= 3.45, p= 0.046; MaxT: F 2, 28= 3.88, p= 0.033; pTime:
F 2, 28= 5.78, p< 0.01; ED: F 2, 28= 11.0, p< 0.0005).
EXTENDED ROOM-ROTATING TRAINING: PLACE AVOIDANCE IS
IMPAIRED AFTER SWITCHING TO OR FROMMK-801 (0.15MG/KG)
Rats in both MK15/sal and sal/MK15 groups were impaired rel-
ative to control animals (sal/MK10). A two-way ANOVA with
FIGURE 5 | Arena-based place avoidance on a rotating arena in
Darkness and in Light. (A) Arena-Dark place avoidance posed no
demand for coordination because the irrelevant room stimuli were
hidden by darkness. MK-801 transiently increased locomotion in
Darkness on day 1. (B) Arena-Light place avoidance with high demand for
coordination due to interference from irrelevant room cues In contrast to
darkness, MK-801 markedly and persistently impaired all place avoidance
measures in Light. All rats improved their performance during training.
*Significant effects of treatment; #significant effect of treatment×
session interaction.
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FIGURE 6 | Place avoidance normalized by locomotion in different
versions of the place avoidance task. MK-801 (0.15 mg/kg) increased the
number of entrances per unit distance (ED) in the Room-Rotating and
Arena-Light conditions, suggesting that the place avoidance deficit was not
due to hyperlocomotion. *Significant effects of treatment; #significant
effect of treatment× session interaction.
repeated measures on the three extra days found a significant
main effects of groups on all measures (E : F 2, 18= 7.48, p< 0.005;
MaxT: F 2, 18= 7.24, p< 0.005; pTime: F 2, 18= 4.05, p= 0.035;
D: F 2, 18= 9.09, p< 0.005; ED: F 2, 18= 10.0, p< 0.005). Post hoc
tests showed that rats in the sal/MK10 group avoided more
than rats in MK15/sal (E : p< 0.01; MaxT: p< 0.01; pTime:
p= 0.039; ED: p= 0.001) and sal/MK15 (E : p= 0.014; MaxT:
p< 0.01; pTime: p= 0.044) groups. Locomotion was increased
in the sal/MK15 group (D: ps< 0.005). Significant effects of
days (E : F 2, 36= 5.71, p< 0.01; pTime: F 2, 36= 5.17, p= 0.011;
ED: F 2, 36= 5.15, p= 0.011) reflect improved performance on
days 5 and 6 and group× day interaction (MaxT: F 4, 36= 2.86,
p= 0.037; ED: F 4, 36= 2.93, p= 0.034) show markedly worse per-
formance in the MK15/saline group on day 4. The post hoc tests
showed that ED was increased compared to other days and groups
(all ps< 0.005) and MaxT was shorter than on day 2 and 3 of
saline/MK15 and all days in the controls (sal/MK10; all ps< 0.05).
A similar pattern was observed for the marginal interaction on the
number of Entrances (F 4, 36= 2.29, p= 0.078), suggesting that the
group effect for MK15/sal rats may be driven by impaired perfor-
mance after the switch on day 4. In contrast, rats initially trained
with saline appeared to display a less dramatic, but more sus-
tained deficit after switching to 0.15 mg/kg MK-801 (sal/MK15;
Figure 7).
To see if this is indeed the case, we compared their perfor-
mance to controls selectively on days 5 and 6. The ANOVA
(sal/MK15 vs. sal/MK10) found a significant group effect on
pTime (F 1, 12= 7.44, p= 0.018) and marginal effects on Entrances
(F 1, 12= 4.23, p= 0.062) and MaxT (F 1, 12= 4.72, p= 0.051). No
such effects were found for the MK15/sal rats (all ps> 0.26) sug-
gesting that in contrast to the MK15/sal group, the effect of group
on the 3-day performance was not driven solely by impairment on
day 4 in the sal/MK15 group. To examine the immediate effect of
MK-801 on well-learned PA within-subject, we compared perfor-
mance on days 3 and 4 with paired t -tests. The analysis yielded only
a marginally insignificant difference for the sal/MK15 group (E:
p= 0.082; pTime: p= 0.064) and no difference in the MK15/sal
group (all p> 0.25) and controls (sal/MK10; all p> 0.59). This
result was puzzling given the significant difference between the
sal/MK15 and the controls (sal/MK10) revealed by the ANOVA
on days 4–6 of the extended training. We examined individ-
ual performance (Figure 8) to see if excessive variance could
explain the lack of effect between days 3 and 4. Avoidance dete-
riorated and locomotion increased after switching to 0.15 mg/kg
MK-801 in all rats except one (#7), which improved avoidance
with no change in locomotion. This rat made one error on day
3 and none on day 4 resembling behavior of control rats (sal-to-
MK10), which only made error(s) in one session, but never in
both (Figure 9). Without this outlier (with respect to the general
effect of 0.15 mg/kg MK-801), the t -tests were significant for all
avoidance parameters in the sal/MK15 group (E: p= 0.038; MaxT:
p< 0.01; pTime: p= 0.029; E/D: p= 0.013; D: p= 0.052). In addi-
tion, disproportional impairment in rat #6 represents another
major source of variance as bringing the values closer to the
group means restored significances for E and pTime. Combined,
these two manipulations brought the t -tests on E and pTime to
p< 0.005.
MK-801 REDUCED IEG EXPRESSION IN THE HIPPOCAMPUS
The effects of MK-801 on IEG expression in CA1 are illustrated in
Figure 10 and the IEG expression data analysis is summarized in
Figure 11.
The three-way ANOVA found significant main effects of
treatment (F 2, 33= 10.7, p< 0.0005), behavior (F 2, 33= 12.1,
p< 0.0005), and session (F 1, 33= 21.7, p< 10−4), but no inter-
action (Figures 11A,B). Post hoc tests showed that both doses of
MK-801 substantially reduced the IEG expression (ps< 0.001),
that behavioral experience (A/A, A/B) dramatically increased the
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FIGURE 7 | Room-Rotating place avoidance after reversed injections.
Rats trained with MK-801 (0.15 mg/kg) on days 1–3 received saline on days
4–6 (MK15/sal) and rats initially trained with saline received MK-801 at
0.15 mg/kg (sal/MK15) or 0.10 mg/kg (sal/MK10). Rats in the sal/MK10 group
avoided better than the other rats. Locomotion was increased in the
sal/MK15 group. Switching from MK-801 to saline caused a marked but
transient place avoidance deficit on day 4, which disappeared on the next
day (MK/sal). Switching from saline to MK-801 (0.15 mg/kg) caused a less
dramatic, but more persistent place avoidance deficit. Significant effects of
treatment are marked with asterisk (*) and a significant effect of
treatment× session interaction is marked with number sign (#).
IEG expression compared to CC (ps< 0.0005), and that the IEG
expression in session 2 was lower than in session 1 (ps< 0.0005).
This last effect appeared to be driven largely by saline and
FIGURE 8 | Effect of MK-801 (0.15mg/kg) on well-trained avoidance.
MK-801 impaired avoidance and increased locomotion in all animals
(sal/MK15) except rat 7. Rat 6 deteriorated approximately three times as
much as other rats (except MaxT).
0.10 mg/kg MK-801 treatments in behaving animals (A/A and
A/B) as opposed to 0.15 mg/kg MK-801 treatment and CC, but
none of the interactions reached significance. To see if it could
be due to large heterogeneity of the sample, we analyzed the
expression separately in the behaving and CC animals.
MK-801 (0.15MG/KG) PREVENTED HABITUATION OF THE IEG
EXPRESSION RESPONSE
To examine the effect of MK-801 specifically on the behaviorally
induced IEG expression, we focused the analysis on animals, which
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explored environments A/A and A/B during the test sessions. A
three-way ANOVA found significant main effects of treatment
(F 2, 24= 9.48, p< 0.001) and session (F 1, 24= 25.4, p< 10−4),
and a significant treatment× session interaction (F 2, 24= 4.35,
p= 0.024), but no effect of behavior (F 1, 24= 0.36, p> 0.5).
Post hoc tests showed that the IEG expression decreased after both
doses of MK-801 (ps< 0.005) and that it was significantly lower
in the second session than in the first in rats treated with saline
(p< 0.0005) and 0.10 mg/kg (p= 0.025), but not 0.15 mg/kg MK-
801 (p> 0.6). A separate two-way ANOVA on the IEG expression
in CC animals found a significant effect of treatment (F 2, 9= 21.3,
p< 0.0005), but no effect of session, and no interaction. Post hoc
tests showed that both doses of MK-801 (ps< 0.001) reduced IEG
expression in CC.
FIGURE 9 | Behavioral pattern in control animals (sal/MK10). A bivariate
histogram for the number of Entrances on days 3 and 4. No rat entered the
shock zone in both sessions. One entrance in one of the sessions was the
most typical performance in the control group.
MK-801 (0.15MG/KG) INCREASED SIMILARITY BETWEEN UNRELATED
CA1 ENSEMBLES
To examine the effect of MK-801 treatment specifically on differ-
ences in CA1 ensemble similarity between A/A and A/B conditions,
FIGURE 11 | Immediate-early gene imaging data summary. (A,B) both
doses of MK-801 reduced expression of IEGs Homer1a (A) and Arc (B) in
CA1 neurons. (C) Higher dose of MK-801 (0.15 mg/kg) increased similarity
between CA1 ensembles activated in different environments (A,B) and
eliminated the contextual specificity of the IEG expression observed after
saline and 0.10 mg/kg MK-801.
FIGURE 10 | Immediate-early gene expression in CA1. Representative images showing expression of Homer 1a (green) and Arc/Arg3.1 (red) triggered in the
CA1 region of the hippocampus by exploration of the same (AA) or two different environments (AB) after an injection of saline or MK-801 (0.10 and 0.15 mg/kg).
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we analyzed similarity scores between CA1 ensembles expressing
IEGs during sessions 1 and 2. A two-way ANOVA found a signif-
icant main effect of behavior (F 1, 24= 34.1, p< 10−4) and a sig-
nificant treatment× behavior interaction (F 2, 24= 5.96, p< 0.01),
but no significant main effect of treatment (F 2, 24= 0.59, p> 0.5).
Post hoc tests showed that the similarity was lower in A/B than
in A/A condition after saline (p< 0.005) and 0.10 mg/kg MK-801
(p< 0.0005). In contrast, after 0.15 mg/kg MK-801, similarity in
A/B was equivalent to A/A (p> 0.5) and significantly higher than
in A/B condition after saline (p= 0.013) or 0.10 mg/kg MK-801
(p= 0.042; Figure 11C).
DISCUSSION
MK-801 IMPAIRED SEGREGATION OF DISCORDANT SPATIAL
INFORMATION
MK-801 (0.15 mg/kg) impaired PA when irrelevant information
was present (Room-Rotating and Arena-Light), but not when
it was absent (Room-Stable or Arena-Dark). These PA versions
differed in their demand for segregation of relevant and irrele-
vant spatial information, but not in mnemonic or motivational
demands, demonstrating that general learning impairment, selec-
tive impairment of either allothetic or idiothetic (egocentric)
navigation, or MK-801-induced alterations in motivation or shock
sensitivity cannot explain the PA deficit. Partial PA deficit was also
observed when cues on the arena surface (such as scent marks,
urine, or droppings) were obscured by shallow water. Note that
misleading, Arena-bound cues, related to idiothesis and path inte-
gration were not affected by the water and could interfere with
the Room-based avoidance. Poorer avoidance on the wet arena
is likely due to the water reduced impedance between a rat and
the grounded arena and alleviated perception of shock in the
constant-current circuit. Indeed, despite the shock intensity was
often set to the maximum of 0.7 mA, the control rats made many
more errors and received many more shocks (~60) than in any
dry arena version (10–15) on PA day 1. By day 3, however, the
controls’ avoidance matched other versions (entrances: 3.5 vs.
0.73–3.625; shocks: 4.125 vs. 0.73–8.0). Locomotion was slightly
but consistently lower on the wet arena (~30 compared to 40 m
on dry arena) during foraging before the first injection (version:
F 1, 36= 21.2, p< 10−4). MK-801 increased locomotion on for-
aging day 4 (treatment: F 1, 34= 11.7, p< 0.005), particularly on
the wet arena (~80 vs. 45 m; interaction F 1, 34= 4.9, p< 0.05).
During avoidance, shallow water did not affect the locomotion of
control rats, but accentuated MK-801-induced hyperlocomotion.
The controls covered, on average, 43–52 m on the wet, compared to
~50 m on the dry rotating arena. MK-801 (0.15 mg/kg) increased
that to 80–97 m on the wet and 58–74 m on the dry rotating arena
(Room-Rotating; Figures 3 and 4). In agreement with previous
reports (Stuchlík et al., 2004; Valeš et al., 2006), the low dose of
MK-801 (0.10 mg/kg) had a little effect on the PA. Rotation of the
arena itself did not affect the PA in control rats, but it substantially
facilitated locomotion, presumably by continuously bringing rats
toward the Shock zone. This pro-locomotory drive was absent on
the stable arena. Hyperlocomotion invariably accompanied the
PA deficit, but it was absent when PA was unaffected. Different
locomotory demands could explain differences in locomotion and
avoidance between the Stable and Rotating arena, but not between
Light and Darkness. Furthermore, MK-801 impaired the number
of Entrances per unit Distance, suggesting that hyperlocomotion
does not suffice to explain the PA deficit (Figure 6). However, it
should be noted that this effect was not significant after Bonferroni
(α= 0.0167) or Šidák correction (α= 0.0170) for multiple com-
parisons in either the Room-Rotating (F 2, 26= 4.26, p= 0.025)
or the Arena-Light version (F 1, 14= 5.34, p= 0.037). On the other
hand, both comparisons proved significant using Tukey’s HSD test
(p= 0.029 and p= 0.037, respectively) as a weak control of Type
I error connected with repeated measures. Together, the depen-
dence of the MK-801-induced hyperlocomotion on the PA deficit
and the effect of MK-801 on ED suggest that, rather than causing
the PA deficit, the accompanying hyperlocomotion results from
an inability to efficiently organize spatial behavior in dissociated
reference frames.
Well-learned PA was impaired when MK-801 (0.15 mg/kg) was
injected instead of saline during the extended training. The t -
test analysis fell short of significance, but this shortcoming was
partly due to too much impairment rather than too little and
partly due to a single animal, which displayed neither deteriorated
avoidance nor increased locomotion after switching to 0.15 mg/kg
MK-801 and resembled behavioral pattern observed in controls.
Given these were the main sources of variance responsible for the
lack of significance in the primary t -test analysis, we conclude that
the MK-801-induced PA deficit was not selective to learning. In
summary, our behavioral data provide compelling evidence that
0.15 mg/kg MK-801 disrupted segregation of discordant spatial
information into coherent representations on the Carousel.
That is not to imply that cognitive coordination is the only func-
tion affected by MK-801. Low doses of up to 0.10 mg/kg MK-801
impaired cognitive performance of Wistar rats without causing
gross sensorimotor or motivational disturbances in a variety of
behavioral tasks (van der Staay et al., 2011). The lack of effect of the
low dose in this study may be due to higher sensitivity of Wistar rats
to the effects of MK-801 (Valeš et al., 2006) or due to lower sensitiv-
ity of the PA task compared to spatial water maze (WM) (Stuchlík
et al., 2004). MK-801 also induced social withdrawal in a model
of negative symptoms of schizophrenia (Rung et al., 2005) and
impaired visuospatial working memory (Zemanova et al., 2013)
and reversal learning on the Carousel (Lobellova et al., 2013).
Importantly, MK-801 also slightly reduced sensitivity to electric
shock (van der Staay et al., 2011); therefore, we adjusted the shock
intensity individually for each rat based on behavioral markers
(escape response) to enhance comparability between the groups.
COGNITIVE COORDINATION IN THE HIPPOCAMPUS
The notion that the PA on the Carousel depends on cognitive
coordination of room and arena cues is based on several obser-
vations. First, PA acquired on a stationary arena can later be
expressed and extinguished separately in the arena frame in dark-
ness, and in the room frame on a rotating arena in light (Bureš
et al., 1997; Fenton et al., 1998). Second, hippocampal place cells
represent locations in both room and arena frames dissociated by
rotation (Zinyuk et al., 2000; Fenton et al., 2010; Kelemen and Fen-
ton, 2010). Third, hippocampal ensemble activity rapidly switches
between multiple representations of the same space on a rotating
arena (Kelemen and Fenton, 2013) and during a “teleportation”
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task where two sets of cues are alternated within a single physical
environment (Ježek et al., 2011). Fourth, injection of TTX into one
hippocampus prevented the PA when room and arena frames were
dissociated by rotation and misleading cues were present, but not
when they were absent (Wesierska et al., 2005). When cues on the
arena surface were obscured by shallow water, rats could perform
the previously acquired PA, but new PA learning was not possi-
ble after the TTX injection (Kubik and Fenton, 2005). In contrast,
retrieval of an existing memory trace was impaired but new spatial
learning was spared in the WM after partial hippocampal inactiva-
tion (Fenton and Bureš, 1993; Moser and Moser, 1998) suggesting
that WM and PA engage distinct hippocampal functions, spatial
representation, and segregation, respectively (Kubik and Fenton,
2005). Specifically, whereas locating a small platform (1/330 area)
in a large WM requires precise spatial representation, a relatively
coarse spatial representation may be sufficient to support avoid-
ance of a large (1/6 area) place on the rotating arena, provided
that dissociated room- and arena-frame information can be seg-
regated into coherent subsets. These findings demonstrated that
multiple representations of the same space are coordinated within
hippocampal neural activity.
IEG IMAGING OF HIPPOCAMPAL ENSEMBLE SIMILARITY
In agreement with previous reports (Guzowski et al., 1999; Vaz-
darjanova and Guzowski, 2004), more similar CA1 ensembles
expressed the IEGs in the same environment (A/A) than in dif-
ferent environments (A/B) in rats injected with saline or the low
dose of MK-801 (0.10 mg/kg). This contextual specificity was
eliminated after the high dose of MK-801 (0.15 mg/kg), which
also impaired cognitive coordination on the Carousel. Specifi-
cally, the ensemble similarity was increased in A/B, but not in
A/A. Decreased IEG expression after either dose of MK-801 could
be due to inhibition of NMDA receptors on pyramidal neurons
and their role in inducing IEG expression and synaptic plasticity
(Link et al., 1995; Steward and Worley, 2001; Czerniawski et al.,
2011). On the other hand, the loss of contextual specificity was only
observed after the high dose and it may be more closely related to
the psychotomimetic effect of MK-801, presumably via its effect on
NMDARs on inhibitory interneurons (Grunze et al., 1996; Li et al.,
2002). Arc expression can be induced in hippocampal CA3 neu-
rons rapidly enough to support one-trial memory formation. The
expression is abolished by inactivation of medial septum known
to disrupt hippocampal plasticity and learning (Miyashita et al.,
2009). Interfering with Arc expression impairs maintenance of
synaptic plasticity and memory consolidation (Guzowski et al.,
2000; Plath et al., 2006), suggesting that Arc expression marks
plasticity-inducing neural activity. Although the effects of sys-
temic MK-801 are definitely not limited to the hippocampus,
our IEG imaging data match the prediction of the Hypersyn-
chrony theory and suggest that MK-801 induced coactivity and
“co-plasticity”between hippocampal ensembles, which were previ-
ously not related. This mechanism could lead to hyperassociation
observed in psychosis (Miller, 1989).
HYPERSYNCHRONY AND COGNITIVE DISORGANIZATION
The Hypersynchrony theory posits that behavioral cognitive
coordination depends on selective activation of relevant neural
representations and suppression of the irrelevant ones (neural
coordination). Increasing coactivity between neurons that would
normally not fire together impairs neural coordination and
causes psychotic disorganization (Fenton, 2009). Several obser-
vations support this hypothesis. First, TTX injection into one
hippocampus produced transient disinhibition in the uninjected
hippocampus and increased coactivity between pairs of CA1 neu-
rons, which did not fire together before the injection, whereas
coactivity between previously coactive neurons was not affected
(Olypher et al., 2006). This effect could be due to disrupted
feed-forward inhibition mediated by the commissural projec-
tion (Buzsáki and Eidelberg, 1981). Second, impaired inhibition
could also be responsible for the effects of NMDAr antago-
nists. Fast-spiking inhibitory interneurons display disproportion-
ately higher sensitivity to NMDAr antagonists (Grunze et al.,
1996; Li et al., 2002), which cause a disinhibition of pyramidal
neurons (Breier et al., 1997; Vollenweider et al., 1997; Jackson
et al., 2004; Lisman et al., 2008), increase interference between
memories (Chrobak et al., 2008), and decrease cognitive flex-
ibility (Nikiforuk and Popik, 2012). Third, cognitive coordi-
nation on the Carousel was disrupted and coactivity between
hippocampal pyramidal neurons was increased after 5 mg/kg,
but not 3 mg/kg, phencyclidine (PCP) another non-competitive
NMDAr antagonist (Fenton et al., 2006). Fourth, PA on the
Carousel and accompanying interhippocampal synchrony are
also disrupted in a neurodevelopmental model of schizophre-
nia by neonatal lesions of the ventral hippocampus (Lee et al.,
2012).
HYPERASSOCIATION IN SCHIZOPHRENIA
Alterations in the hippocampus (Weinberger, 1999; Harrison,
2004), and hippocampus-dependent memory deficits are typical
for schizophrenia (Weiss et al., 2003; Boyer et al., 2007; Ragland
et al., 2007; Ranganath et al., 2008; Tamminga et al., 2010).
Aberrant inhibitory neurotransmission and loss of parvalbumin
(PV)-positive interneurons is found in the hippocampus and the
dorsolateral prefrontal cortex (Lewis et al., 2005; Benes et al., 2007;
Adell et al., 2012). Reduced PV expression was observed in an
animal model by repeated (Braun et al., 2007) or acute adminis-
tration of MK-801 (Romón et al., 2011). Schizophrenia-like phe-
notype emerged in post-adolescent mice with a genetic ablation
of the NMDA receptor function predominantly in PV+ cortical
and hippocampal GABAergic interneurons during early postnatal
development (Belforte et al., 2010). Reduced neurotransmission
along the mossy fiber pathway from the dentate gyrus (DG) to
areas CA3 and CA4 of the hippocampus emerge as a key patho-
physiology in schizophrenia (Kerwin et al., 1990; Nowakowski
et al., 2002; Kolomeets et al., 2005, 2007; Yamasaki et al., 2008;
Kobayashi, 2009; Tamminga et al., 2012). Given the role of the
DG in pattern separation (PS; Gilbert et al., 2001; Leutgeb et al.,
2007; McHugh et al., 2007; Bakker et al., 2008), reduced DG output
could disrupt the dynamic balance between PS and pattern com-
pletion (PC) in CA3 (Guzowski et al., 2004) and facilitate cross-
linking between hippocampal representations of unrelated events.
A hyperassociative hippocampal memory system can give rise to
inappropriate associations, distorted perception, irrational expec-
tations, and even hallucinations (Behrendt, 2010). In agreement
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with this perspective, patients with schizophrenia display excessive
associations (Miller, 1989; Wentura et al., 2008; Manschreck et al.,
2012), increased interference (Westerhausen et al., 2011), reduced
cognitive flexibility (Elliott et al., 1998), and autonoetic awareness
(Danion et al., 1999), lack of semantic specificity (Tüscher et al.,
2005), difficulties to represent expected reward value (Gold et al.,
2012), and deficits in emotional discrimination (Schneider et al.,
2006).
CONCLUSION
Cognitive dysfunction precedes the manifestation of psychotic
symptoms from early childhood (Reichenberg et al., 2010;
Sørensen et al., 2010) and cognitive performance is the strongest
predictor of the functional outcome in schizophrenia (Green,
1996; Green and Nuechterlein, 1999; Green et al., 2004; Bowie
et al., 2006; Keefe et al., 2006; Rosenheck et al., 2006). However,
cognitive benefits of available antipsychotics remain rather limited
(Harvey and Keefe, 2001; Mishara and Goldberg, 2004; Hill et al.,
2010). Cognitive disorganization has been proposed as a core cog-
nitive deficit in schizophrenia (Phillips and Silverstein, 2003). The
present data demonstrate that systemic MK-801 impairs cognitive
coordination on the Carousel and increases similarity between
unrelated hippocampal ensemble representations. In addition, it
suggests that increased coactivity in previously unrelated neurons
may translate into synaptic plasticity and result in hyperassociative
psychotic memories. These findings support the Hypersynchrony
theory, validate the PA on the Carousel as test of psychosis-related
cognitive disorganization, and demonstrate that the concept of
cognitive coordination in schizophrenia can be straightforwardly
targeted in an animal model.
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